In many taxa, social structures are mediated by agonistic interactions and the formation of dominance hierarchies. In crayfish, dominance hierarchies may have evolved as a result of sexual selection, allowing dominant males greater access to females. We examine strategies of investment in agonistic behaviors for males and females of the crayfish Orconectes quinebaugensis in both the reproductive and non-reproductive seasons. We hypothesized that reproductive males would invest more in agonistic behaviors than reproductive females and non-reproductive crayfish. We tested this hypothesis in the laboratory with 4 treatment groups: males and females in the autumn reproductive season and males and females in the summer non-reproductive season, with each group subdivided by size to control for size effects. As predicted, reproductive males spent significantly more time in agonistic behaviors and had significantly more fights reaching maximum intensity than reproductive females, while there was no significant difference in the time spent in agonistic interactions by non-reproductive males or females. We did find that small females in the summer had significantly fewer fights reaching maximum intensity than either males or large females in the summer. However, there was no significant difference in time spent in agonistic interactions or proportion of fights reaching maximum intensity between reproductive males and non-reproductive males, as was predicted by our hypothesis. We did observe a significant effect of size for both males and females in the non-reproductive season, with larger animals spending more time in agonistic behaviors, and with large females having a more fights at maximum intensity than small females; this difference was not recapitulated in the reproductive season. These data indicate that investment in agonism differs by sex and by reproductive status, and the differential investment by sex in reproductive animals may indicate that dominance interactions are under sexual selection in males. However, high investment in agonism by both males and females in the non-reproductive season is not consistent with our hypothesis. Alternatively, the differential investment in agonism by reproductive males and females could be explained by either seasonal changes in the individual costs and benefits of agonism, or by depressed investment by reproductive females.
INTRODUCTION
Agonistic interactions have been a subject of interest in many taxa, and dominance hierarchy formation is a particularly intriguing result of these interactions in many of these cases. Animals that participate in repeated agonistic interactions in a specific area form dominance hierarchies that allow for the control of resources within the population. Individuals that obtain high social status within a dominance hierarchy may receive increased access to resources. For example, success in agonistic interactions has been shown to lead to increased reproductive success in vervet monkeys (Ceropithecus aethiop sabaeus; Raleigh and McGuire, 1989) and cockroaches (Nauphoeta cinera; Breed et al., 1980) , and preferential access to food resources in rainbow trout (Oncorhynchus mykiss; Johnsson, 1997), and spotted hyenas (Crocuta crocuta; Tilson and Hamilton, 1984; reviewed in Zulandt Schneider et al., 2001) . When high social status leads to increased access to resources, this may result in fitness benefits for individuals that are socially dominant (Moore, 2007) . Conversely, defense of a dominance status in a population can have high costs to an individual's fitness, largely through injuries and/or energy expended during agonistic interactions, and maintenance of a high dominance status requires good physical condition to participate in repeated agonistic interactions. When the fitness costs and benefits of engaging in dominance interactions with conspecifics are potentially large, strategies for engaging in these interactions should be under strong selection, such that they maximize benefits while reducing costs (Maynard Smith, 1978) . In addition, the relative costs and benefits of investing in agonistic interactions are likely to change throughout an individual's lifetime, both with changes in individual condition and with ecological and life history changes. For example, the potential rewards of high dominance status may vary depending on the reproductive status of individuals in a population or with the availability of food or shelter.
When dominance status has effects on an individual's access to mates, investments in agonistic interactions are likely to be under inter-and/or intra-sexual selection. Female selectivity in mating with dominant males has been shown in the three-spined stickleback (Gasterosteus aculeatus), where females selectively mate with males whose vibrant coloring reflects success in agonistic encounters (Candolin, 1999) , and in guppies (Poecilia reticulate), where success in agonistic encounters enhances the reproductive success, through female choice, of previously unattractive males (Kodric-Brown, 1992) . Dominant males have been shown to monopolize available JOURNAL OF CRUSTACEAN BIOLOGY, 29(4): 484-490, 2009 females in the European bitterling (Rhodeus sericeus) regardless of female preference, who subsequently have limited control over the paternity of their offspring (Reichard et al., 2005) . Particularly when there is a strong differential investment in offspring between males and females, the lower-investing sex (usually males; Trivers, 1972) may receive relatively greater benefits through high social status.
Females may also have reasons for investing in dominance interactions that, like males, are tied to the reproductive advantages they may receive. However, while parental investment theory predicts that males may experience large fitness benefits through multiple mating, females are predicted to benefit little through polyandry (Trivers, 1972) , and thus the fitness benefits of investments in agonism may differ by sex for crayfish. Female investments in agonism may instead be related to defense of offspring or of resources required by offspring. It has been shown that the presence of eggs or juveniles accompanies increased aggression in female crayfish (Figler et al., 1995b) , and that this tendency towards aggressive behavior is increased above that of both nonmaternal females and reproductively mature males (Moore, 2007) . Consistent with the offspring defense hypothesis (Figler et al., 2001) , these behaviors may lead to increased protection, and thus survival, for offspring during the maternal season.
Under these conditions, males and females are likely to evolve quite different strategies for investing in agonistic interactions with conspecifics, and when the chance for matings is constrained in time, this differential investment should be similarly limited in time. For example, males may be willing to invest more in agonism than females, particularly when the chance for mating benefits is high, such as during a mating season, but when the chance for matings decreases during a non-mating season, males may decrease their investment in agonism. Furthermore, in some taxa, the potential benefits of high social status may encompass multiple resources, such as increased access to both food and mates, resulting in a dynamic system in which the benefits of agonism change predictably, e.g., seasonally, or unpredictably, e.g., with changing ecological conditions.
We use freshwater crayfish, Orconectes quinebaugensis Mathews and Warren, 2008 , to test hypotheses about individual investment in agonistic interactions. Crayfish are good models for such an investigation, because, like some other crustaceans, they are structured by dominance hierarchies maintained by visual displays and fighting involving the large and potentially dangerous chelae, and through chemosensory communication . In addition, temperate crayfish populations in North America are structured by strong seasonality in life history changes (Hamr, 2002) . Crayfish growth and molting occurs largely during the summer, after which males undergo a molt into the Form I breeding morphology. Mating occurs in the fall, and polygamy in one or both sexes has been reported in a number of species (reviewed in Galeotti et al., 2007) and, in Orconectes placidus (Hagen, 1870) , multiple paternity of single broods is apparently common (Walker et al., 2002) . Females store sperm throughout the winter, which they use to fertilize eggs in the spring. Females provide all of the parental care of the young, including brooding developing embryos and caring for newly hatched juveniles for weeks. Such sharply differential parental investment would lead to strong selection on males for mate competition through dominance hierarchies, and possibly on females for mate selectivity.
Many factors have been shown to affect aggression in crayfish. The relative importance of certain resources, such as food or mating opportunities, can vary with a number of intrinsic and extrinsic factors, such as sex (Figler et al., 2001) , age (Schroeder and Huber, 2001 ), reproductive season (Figler et al., 2005) , resource availability (Stocker and Huber, 2001 ) and shelter presence (Bergman and Moore, 2003) , such that competition for limited resources may vary in time, and aggression levels may change accordingly. For example, a dominant individual may be able to monopolize food resources during the summer, when growth is critical for both sexes in preparation for the fall breeding season. Monopolizing available food can lead to increased growth of the individual and improved fitness (Fero et al., 2007) . Previous studies of crayfish aggression have largely focused on the mechanisms by which dominance is established, such as the role of chemical communication via urine (reviewed in Moore and Bergman, 2005) , effect of previous experiences on subsequent behavior of individuals (Daws et al., 2002; Bergman et al., 2003) , effects of hunger state (Stocker and Huber, 2001) , and the trade-off between predation risk and mating opportunities (Pecor, 2006) . Less focus has been placed on the function of dominance, such as the role of sexual selection on agonistic behaviors relating to dominance (but see Aquiloni et al., 2008; Fero et al., 2007) . Here, we report the results of our experiments to gain insight into how individuals of O. quinebaugensis invest in agonistic interactions as an indirect measurement of investment in dominance. Specifically, we predicted that, during the mating season, males (in the Form I breeding morphology) would invest more in intrasexual conflicts than would sexually mature females. Furthermore, we compared mating season interactions with interactions during the non-mating season, when both males and females were apparently non-reproductive. We predicted that nonreproductive males and females would show reduced aggression relative to Form I males, and that nonreproductive males and females would show similar levels of aggression.
MATERIALS AND METHODS

Collection and Maintenance of Animals
Crayfish were collected from the Quinebaug River in Sturbridge, MA in Aug-Oct 2007 for the reproductive group (80 total), and from the Quinebaug and Mill Rivers (in Blackstone, MA) in April through June 2008 for the non-reproductive season (58 and 28 total, respectively). In the latter case, because crayfish molt in the summer, we were unable to obtain enough intermolt individuals from the Quinebaug River site for adequate sample size. Members of this species have a mating season from approximately October to January (personal observation). In both seasons, male reproductive status was assessed by the morphology of the gonopods; in the fall, all males were in Form I and in the summer, all males were in Form II. Female reproductive status was assessed by the development of glair glands; in the fall, all females had fully developed glair glands, indicating sexual maturity; in the summer, all females had no glair gland development and were not brooding embryos or juveniles. In addition, in the fall collections, all females were collected by early September and housed individually in the laboratory, and were likely to be unmated. Therefore, we had four treatments groups (Fig. 1 ).
Crayfish were housed at the laboratory at Worcester Polytechnic Institute (WPI) in closed, re-circulating freshwater systems with biological, mechanical and UV filtration. All crayfish were held for at least 2 weeks before use in a trial. Each crayfish was housed individually in a 4 L plastic tank with a clay pot for shelter, such that, during the holding period, individuals were in chemical contact with other crayfish but never in physical contact. Crayfish were fed 3 times per week on an alternating diet of commercial shrimp pellets and frozen broccoli. Water temperature and light conditions mimicked those occurring naturally. For both autumn and summer collections, crayfish were isolated both physically and chemically for one week prior to use in aggression trials, since in some species, chemical signaling has been shown to affect agonistic behaviors . During this time, each animal received a 50% water change on each day that it received food. Any crayfish molting within 2 weeks before or after use in trials was excluded from the dataset, as were any trials in which one opponent died within 6 days after use. Only a single trial from the large reproductive male group was so excluded after the allotted time.
Experimental Design
Carapace length and the length of the right chela were measured for all animals collected. All animals that were missing . 1 walking leg, or had clearly asymmetrical chelae, were excluded. The experimental design was constrained by subsequent use of male crayfish in the Form I category in additional trials for another experiment (not reported herein), which required that they be randomly paired with males within a larger group comprising 36 crayfish. Therefore, for each of the 4 groups, crayfish were divided roughly into small and large size categories based on the approximate median carapace length, and, for each size category, we calculated the mean carapace and right chela lengths. Any individuals not within +/2 10% of the mean carapace length and within +/2 15% of the mean right chela length for each group were excluded from the group. A random number generator (www.random.org) was used to generate a random sequence of unique numbers between 1 and the total number of crayfish in each trial group. Crayfish assigned the first two numbers were paired as opponents, followed by the next two, etc., until all were matched. Each crayfish was used only once in this experiment.
Data Collection
Paired opponents were placed in 30.5 cm width 3 40.6 cm length 3 14.6 cm depth plastic tanks filled with fresh, filtered tap water; within the tanks, opponents were separated with transparent dividers and were allowed to acclimate for 2 min. Dividers were then lifted and agonistic interactions were video-recorded for 10 min. At the conclusion of each trial, both animals were returned to their holding tanks. All tanks were thoroughly rinsed and refilled with fresh, filtered water between each trial. Video footage of trials was scored by a blind reviewer for time spent in physical agonistic interactions, denoted ''grapple,'' and defined as boxing, striking, grasping, or pushing with the chelae by one or both crayfish; and for occurrence of behaviors indicating various intensity levels of aggressive interaction (Table 1 ). The total time spent in ''grapple'' behavior and the proportion of fights reaching maximum intensity were compared between treatments as measures of overall agonistic investment.
Data Analysis
We used t-tests to compare the mean sizes between seasons separately for males and females; we compared both the overall mean and the mean for each of the two size groups, for a total of 6 comparisons, and evaluated them with a Bonferroni correction of a 5 0.0083. The aggression data were examined for normality of residuals with the Shapiro-Wilks W test and for equal variance with Levene's Test of Equality of Error Variances before further analyses were run. In both cases, we considered each of the 8 size-by-treatment groups separately. Variances of error within all comparisons were found to be equally distributed. Assumptions of residual normality were violated in 3 of 8 size-by-treatment groups examined. However, ANOVA analysis has been shown to be robust to moderate deviations from residual normality (Hays, 1994; Kirk, 1995; Winer et al., 1991) , and was therefore considered appropriate for the analysis of the data. Four separate univariate analyses of covariance (ANCOVA) were conducted, each with 2 fixed factors (sex or season and size group), and with total time spent in agonistic behavior as the dependent variable. We first included the difference in carapace length between crayfish in each trial pair as a covariate, but this covariate was removed from all analyses because it had no significant effect. Therefore, we ran ANOVAs with the two factors (sex or season and size group) and an interaction term for the two factors; the interaction term was removed from the final model when P . 0.05 for the interaction. For all analyses of the agonistic interactions, statistical significance was assessed with a Bonferroni correction for multiple comparisons; each of the 4 treatment groups was used in two comparisons (one with the fixed effect of season, and one with the fixed effect of sex), so we set a 5 0.0125.
The conflict intensity data were analyzed using the Fisher's exact test. Comparisons were first made between small and large groups within each treatment, and those comparisons producing non-significant differences were pooled into a single treatment group. Comparisons were then made across sex and season with resultant groups to test biologically relevant relationships in accordance with our hypotheses. Bonferroni correction was used to adjust a based on the number of comparisons made with each data set. The maximum number of comparisons for any data set was used as an overall correction factor, resulting in a 5 0.0125. All analyses were run in SPSS v. 14.0.
RESULTS
There was no significant difference in the overall size of females between the fall (n 5 34, x 5 35.203 mm) and the spring (n 5 28, x 5 34.993 mm, t 5 0.219, DF 5 60, P 5 0.827), or for females in either the small (fall: n 5 11, x 5 30.572 mm; spring: n 5 11, x 5 31.046 mm, t 5 20.555, DF 5 20, P 5 0.585) or large (fall: n 5 23, x 5 37.417 mm; spring: n 5 17, x 5 37.547 mm, t 5 20.214, DF 5 38, P 5 0.832) size classes. There was a significant difference in the overall size of males between the fall (n 5 34, x 5 35.247 mm) and the spring (n 5 42, x 5 33.136 mm, t 5 2.867, DF 5 74, P 5 0.005), but not for either the small (fall: n 5 14, x 5 32.000 mm; spring: n 5 24, x 5 30.746 mm, t 5 2.376, DF 5 36, P 5 0.023) or the large (fall: n 5 20, x 5 37.520 mm; spring: n 5 18, x 5 36.322 mm, t 5 2.275, DF 5 36, P 5 0.029) groups separately.
In comparing time spent in total agonistic behavior, both treatment and size showed significant effects in different comparisons (Table 2, Fig. 1 ). Males (n 5 17) and females (n 5 22) in the fall reproductive season showed a significant effect of sex on total time spent in agonistic behaviors, with males spending more time in such behaviors than females, and no significant effect of size on total agonistic behavior in these two groups. There was no significant difference between males (n 5 21) and females (n 5 19) in the summer, non-reproductive season in total time spent in agonistic behaviors, but both males and females for this comparison showed a significant effect of size, with larger animals spending significantly more time in agonistic behaviors than smaller animals. The comparisons between reproductive and non-reproductive individuals showed no significant differences in total time spent in agonistic behavior based on either season or size for either sex, though, for females, the interaction between reproductive state and size had a considerable effect and was retained in the model (but which was not significant at the Bonferroni corrected a 5 0.0125).
We found similar effects of size and treatment when we compared the proportion of fights that reached the maximum intensity level. In all but the one case (females in the summer, non-reproductive season, P 5 0.018), there was no significant difference in proportion of trials reaching maximum intensity between small and large size groups (reproductive males P 5 0.153, reproductive females P 5 0.364, non-reproductive males P 5 0.367). Consequently, large and small groups were pooled for the latter three treatments. As with duration of agonistic interactions, significantly more fights between reproductive males reached maximum intensity than fights between reproductive females (P 5 0.001). No significant difference was found in the proportion reaching maximum intensity between non-reproductive males and large nonreproductive females in the summer (P 5 0.721); however, significantly more fights between non-reproductive males reached maximum intensity than between small nonreproductive females (P 5 0.003). Similarly, significantly more trials between large non-reproductive females reached maximum intensity than trials between reproductive females (P 5 0.020), while there was no significant difference in intensity between small non-reproductive females and reproductive females (P 5 1.000). There was no significant difference in proportion of trials reaching maximum intensity between males in the reproductive and non-reproductive seasons (P 5 0.743).
DISCUSSION
There are many factors, both intrinsic (body and chelae size, sex, reproductive state, previous social experience, Lunge/threat -rapid approach of opponent with chelae raised in threat display 3
Grapple -boxing, striking, grasping, or pushing with the chelae by one or both crayfish 4
Overturn -crayfish turned on side or back by opponent while being grasped with opponent's chelae Table 2 . Results of ANOVAs with fixed effects of season, e.g., reproductive males compared to nonreproductive males, or sex, e.g, reproductive males compared with reproductive females. In all comparisons, size was included as a factor; the interaction term was non-significant ( P . 0.05) in all cases except the comparison of reproductive females with non-reproductive females, and was removed from analyses in which it was non-significant. *indicates statistical significance at a 5 0.0125.
Contrast
Factor 1 (size) Factor 2 (season or sex) Factor 1*factor2 (Moore, 2007) . Our data indicate that males of O. quinebaugensis spent significantly more time in agonistic behaviors, and participated in a higher proportion of fights at maximum intensity, than females in the fall reproductive season, as we predicted. This may indicate that males respond to sexual selection by investing more energy in agonism, if dominant males have a reproductive advantage. If dominance is indeed related to increased fitness for males, it would be expected that more time, and therefore greater risk, would be invested during the reproductive season when this resource is most valuable. Other studies have shown that the intensity and duration of agonistic encounters is correlated with the value of the resource and its availability to those involved (Bergman and Moore, 2003; Stocker and Huber, 2001 ; reviewed in Moore, 2007) . In crayfish, for example, maternal females (those bearing eggs or juveniles) may be much more aggressive than nonmaternal females (Figler et al., 1995b) in the spring when juvenile quality and survival contributes directly to female fitness. In our experiment, however, there was no significant difference in time invested in agonism or proportion of fights reaching maximum intensity between reproductive and nonreproductive males. Particularly in the large size classes for the duration analysis, Form II males spent as much time in aggression as Form I males. Likewise, large non-reproductive females spent more time in aggression and had a higher proportion of fights at maximum intensity than did reproductive females. Though this difference was significant in relation to fight intensity, it was not significant for time spent in agonistic behavior, probably as a result of a strong size effect in the non-reproductive females. In sum, while the behavior of the reproductive males and females is consistent with our hypothesis that sexual selection drives investment in agonism, the data on non-reproductive crayfish are not. We propose two alternative explanations for this observation.
First, the summer season constitutes a major growth period for both juvenile and adult crayfish of O. quinebaugensis; such seasonal patterns of molting and growth are common in temperate crayfish (Reynolds, 2002) . Under these conditions, resources such as food and shelter may increase in their value to both males and females. Monopolizing food resources can lead to increased growth and improved individual fitness (Fero et al., 2007) , and size has often been shown to correlate positively with fight outcomes in crayfish (e.g., Pavey and Fielder, 1996; Daws et al., 2002; Schroeder and Huber, 2001; Figler et al., 1995a; Klocker and Strayer, 2004; reviewed in Moore, 2007) and with fecundity in females Reynolds, 2002) , potentially leading to reproductive advantages later in the life cycle for both sexs. Shelters may also be a resource of equal value that would warrant increased agonistic investment in both sexes, since frequent molting also increases the proportion of time a crayfish is more vulnerable to predation (Hamr, 2002) . Therefore, in the summer, males and females may invest similarly in agonism because the most valuable resources are equally important to both sexes. In the fall, the relative importance of resources may shift in response to slowing growth and cooling water temperatures, and investment in competition over mates rather than food or shelter is reflected in a sexbiased investment in agonism.
Alternatively, females during the reproductive season may derive greater benefit from abstaining from this increased agonistic investment in favor of other energetic needs. It has been suggested for males that investment in agonistic interactions must be in competition with investment in other components relating to fitness, such as mate attraction or parental care (Qvarnström, 1997; Griffith and Sheldon, 2001) , and one would expect similar trade-offs in energy expenditure to apply to females (e.g., Wetzel, 2002; Bernardo, 1996) . Female primary reproductive effort during this time consists of egg formation , which is likely energetically costly. Females may accrue greater fitness benefits by investing more heavily in egg production rather than fighting for access to mates or food, since female reproductive success is limited by the number of eggs she produces and the quality and survivorship of her offspring (Trivers, 1972) . Egg size has been suggested to be a critical determinant in offspring fitness (Bernardo, 1996) , and investing energy in fights with conspecifics may limit a female's ability to produce large eggs or clutches.
Mate searching and discrimination may also carry energetic costs for females (Kokko et al., 2002) . Investment in agonism in the reproductive season may also detract from time and energy females could spend in selection of, and mating with desirable, high quality males, which may ultimately affect the quality of their offspring (Kokko et al., 2002; Berglund et al., 1996) . In a species such as O. quinebaugensis, where females store sperm and delay fertilization until months after mating has occurred (Hamr, 2002) , females may also gain indirect benefits from allotting time and energy to acquiring multiple matings (Jennions and Petrie, 2000) . Any injuries incurred from increased aggressive behavior during the reproductive season might also preclude females from being able to mate with a desired male, or to successfully mate at all.
In the spring, when a female's investment in offspring is in the form of embryos and partially independent juveniles, females may benefit through increased aggression if this allows them to maintain residence in a shelter, presumably as a contributing component of offspring defense (Figler et al., 2001 ). Moore (2007) found in his review of the relevant literature that maternal females were more aggressive than both non-maternal females and reproductive males, and Figler et al. (2001) suggested that this was due in part to internal state, as even maternal females with offspring removed showed increased shelter defense over nonmaternal females in comparing previous studies. Together, this suggests that female investment in agonistic interactions may be under some form of sexual selection, but in a different direction than would be expected for males.
We also report conflicting data on the effects of size on agonistic behavior. There was a significant effect of size group for both males and females in the summer based on duration, with larger crayfish of both sexes spending more time in agonistic behaviors than smaller crayfish. There was also an effect of size on intensity of aggression between females in the summer, with large females having a higher proportion of fights reaching maximum intensity than small females. It is generally accepted that size is a major factor that typically predicts outcome and aggressive state in crayfish interactions (Pavey and Fielder, 1996; Daws et al., 2002; Klocker and Strayer, 2004; Figler et al., 1995a; Schroeder and Huber, 2001 ; reviewed in Moore, 2007) , and it has been suggested that small and large crayfish may adopt different fighting strategies based on the value of the resource and the risk to the individual (Schroeder and Huber, 2001) . Larger, more dominant individuals potentially risk less in engaging in agonistic behavior, since it is more likely that they will be successful, particularly when paired with a smaller opponent. However, we observed no similar size effects in the mating season, when both large and small individuals of both sexs invested similarly in fighting.
While the explanation for this observation is unclear, we note that in the non-reproductive collection of animals, some (perhaps many) of the individuals of both sexes in the smaller size group may never have undergone a period of reproduction, while individuals in the larger size groups are more likely to have reproduced in the previous year. This may account for the significant difference seen in the proportion of fights reaching maximum intensity between reproductive females in the fall and large non-reproductive females in the summer, while the comparison between reproductive females in the fall and small non-reproductive females in the summer was non-significant. Maternal females of other crayfish species have been shown to exhibit heightened aggression relative to both reproductive males and non-maternal females (Figler et al, 1995b) , and this has been suggested to be partially due to a change in internal state (Figler et al., 2001) . It is therefore possible that the large females in the summer may have had some residual internal effect related to a recently dispersed clutch of juveniles, whereas small females would be less likely to have had a recent clutch, although the recent maternal state of most females in the summer group was unknown.
Overall, our data show that individual investments in agonism by individuals of O. quinebaugensis vary by season, sex, and size. However, we specifically hypothesized that dominance interactions are a sexually selected behavior, and predicted that reproductive males would show elevated aggression relative to both reproductive females and nonreproductive crayfish, and our data do not provide strong support for this hypothesis. Instead, our data indicate that agonistic interactions in O. quinebaugensis may be regulated by a complex and dynamic set of individual costs and benefits, and that additional experimentation may help to elucidate the role of environmental, life history, and other factors on the social behavior of this taxon.
